This study examined the effects of methylphenidate (MPH) on reaction time (RT) variability in children with attention deficit hyperactivity disorder (ADHD). Using a broad battery of computerized tasks, and both conventional and ex-Gaussian indicators of RT variability, in addition to within-task manipulations of incentive and event rate (ER), this study comprehensively examined the breadth, specificity, and possible moderators of effects of MPH on RT variability. A total of 93 children with ADHD completed a 4-week within-subject, randomized, double-blind, placebo-controlled crossover trial of MPH to identify an optimal dosage. Children were then randomly assigned to receive either their optimal MPH dose or placebo after which they completed five neuropsychological tasks, each allowing trial-by-trial assessment of RTs. Stimulant effects on RT variability were observed on both measures of the total RT distribution (ie, coefficient of variation) as well as on an ex-Gaussian measure examining the exponential portion of the RT distribution (ie, t). There was minimal, if any, effect of MPH on performance accuracy or RT speed. Within-task incentive and ER manipulations did not appreciably affect stimulant effects across the tasks. The pattern of significant and pervasive effects of MPH on RT variability, and few effects of MPH on accuracy and RT speed suggest that MPH primarily affects RT variability. Given the magnitude and breadth of effects of MPH on RT variability as well as the apparent specificity of these effects of MPH on RT variability indicators, future research should focus on neurophysiological correlates of effects of MPH on RT variability in an effort to better define MPH pharmacodynamics.
INTRODUCTION
Across nearly every type of neuropsychological task (eg, response inhibition, working memory, attention) that measures trial-by-trial reaction times (RTs), children with attention deficit hyperactivity disorder (ADHD) have been shown to be significantly more variable in their RT than typically developing controls (Castellanos et al, 2005; de Zeeuw et al, 2008; Hervey et al, 2006; Johnson et al, 2007; Klein et al, 2006; Kuntsi et al, 2001; Leth-Steensen et al, 2000; Mullins et al, 2005; Rubia et al, 2001; Schachar et al, 1995; Shanahan et al, 2008; Teicher et al, 2004; Vaurio et al, 2009) . With stimulant medication (eg, methylphenidate (MPH)), RT variability attenuates (Boonstra et al, 2005; Castellanos et al, 2005; Epstein et al, 2006; Fitzpatrick et al, 1992; Rosa-Neto et al, 2005; Spencer et al, 2009; Tannock et al, 1995; Teicher et al, 2004) and may even normalize , although some studies have failed to replicate this effect (Johnson et al, 2008; Tucha et al, 2006) .
Given the magnitude of the effects of MPH on RT variability, further examination of this relationship may help to elucidate mechanisms of action of MPH on cognitive function. The effects of MPH on RT variability can be better understood using both advanced statistics and methodologies. Statistically, the most commonly used indicator of RT variability in the literature has been the SD of RTs (Boonstra et al, 2005; Fitzpatrick et al, 1992; Rosa-Neto et al, 2005; Tannock et al, 1995; Teicher et al, 2004) . Recently, ex-Gaussian indicators (eg, t) have been used to describe RT variability and, demonstrate that RT variability among children with ADHD is caused by increased positive skew in the RT distribution LethSteensen et al, 2000; Vaurio et al, 2009) . Further, research has demonstrated that this positive skew is attenuated by stimulant medication Spencer et al, 2009) .
Methodologically, studies examining the effects of MPH on RT variability have begun to examine potential interactions between effects of MPH and task characteristics (ie, incentive, event rate (ER)). Although beneficial effects of either MPH or incentive on RTs have been reported, there does not appear to be a synergistic effect of combining MPH and incentive (Groom et al, 2010) . Also, although it is well documented that slowing ER increases RT variability in children with ADHD Uebel et al, 2010; van der Meere et al, 2005) , the effects of slower ER on RT variability are attenuated when children are on medication (Boonstra et al, 2005; Epstein et al, 2006) .
A limitation of research examining the effects of MPH on RT variability to date is that studies have used a wide variety of task paradigms to assess RT variability leading to conflicting results. Tasks range from simple choice discrimination tasks (Spencer et al, 2009 ) to more complex response inhibition tasks such as Go/No-Go (GNG) task (Boonstra et al, 2005; Epstein et al, 2006; Groom et al, 2010) and Stop Signal task (SST) (Boonstra et al, 2005) . Some paradigms (eg, SST (Boonstra et al, 2005) ; and Sustained Attention to Response Test (Johnson et al, 2008) ) have not shown effects of MPH on RT variability. Inclusion of multiple task paradigms, spanning multiple cognitive processes in one study, may help in understanding whether effects of MPH on RT variability are limited to specific cognitive processes or possibly to task complexity. Samples have also primarily been non-medication naïve (see Johnson et al, 2008 for exception), which introduces potential effects of chronic exposure to medication on brain structure and function (see review by Andersen, 2005) . With regard to the medication manipulation, some studies have not used randomization to assign participants to medication conditions , which introduces selection bias. Other studies have used randomization but have not titrated to the optimal dosage for each child (Krusch et al, 1996; Spencer et al, 2009; see Boonstra et al, 2005 for exception), which might have resulted in suboptimal dosages for children. These multiple limitations in the existing research have hindered our understanding of the effects of medication on RT variability in children with ADHD.
The present study is a comprehensive study of effects of MPH on RT variability in children with ADHD, which addresses many of these limitations. All participants completed a within-subject, randomized, double-blind, placebo-controlled trial of MPH at three dosages, so that each participant's dosage could be optimally titrated. Children were then randomized to either receive their optimal dosage or placebo after which they were tested on a range of cognitive tasks that included within-task manipulations of ER and incentive so that the breadth of effects of MPH on RT variability could be examined and so that interactions between MPH effects and incentive and ER could be assessed.
PATIENTS AND METHODS

Participants
The study included 93 medication-naïve children (aged 7-11; mean ¼ 8.11, SD ¼ 1.22) who met diagnostic criteria for ADHD (48 ADHD-I; 45 ADHD-C). Children were primarily boys (n ¼ 68). Approximately, 75% of the sample was of Caucasian race, 22% was African American, and 3% was of other racial origin. Children with a full-scale IQ below 80, as estimated by the Wechsler Abbreviated Scale of Intelligence (WASI), were excluded from participation in the study. The mean IQ of participating children was 105.58 (SD ¼ 12.94) . Children with standardized achievement scores below 80 on the Wechsler Individual Achievement Test, Second Edition (WIAT-II) Reading or Numerical Operations subtests were also excluded from the study to rule out children with possible learning disorders. Children were also excluded from the study if their medical history suggested organic brain injury (eg, traumatic brain injury, epilepsy, history of cerebral infarction, etc).
Children were recruited through multiple community and clinical sources, including schools and local practitioners, to participate in a study of the effects of medication on cognitive functioning. Diagnostic status was determined using methodology similar to that used by the Multimodal Treatment Study of ADHD (MTA Cooperative Group, 1999) . Specifically, children were considered to have met criteria for a symptom domain (ie, inattention and/or hyperactivity/ impulsivity) if the parent on the Diagnostic Interview Schedule for Children-Parent Report (DISC-P; Shaffer et al, 2000) , and the teacher on the Vanderbilt ADHD Teacher Rating Scale (VARS; Wolraich et al, 1998) reported six nonoverlapping symptoms in a symptom domain, and both parent and teacher reported at least four symptoms in that domain. Mean symptom scores on the parent (inattention mean ¼ 7.63, SD ¼ 1.83; hyperactivity-impulsivity mean ¼ 5.68, SD ¼ 2.80) and teacher VARS (inattention mean ¼ 7.19, SD ¼ 2.03; hyperactivity-impulsivity mean ¼ 4.71, SD ¼ 3.11) indicated inattention symptom counts consistent with DSM-IV criteria. Mean hyperactivity/ impulsivity symptom counts were attenuated below DSM-IV thresholds because of the significant numbers of children with ADHD-inattentive type in our sample. Children were also required to meet DSM-IV criteria for age of onset, pervasiveness, and impairment, as reported by the parent on the DISC-P. The DISC-P assessed for a range of comorbid disorders in our sample, including oppositional defiant disorder (n ¼ 34), conduct disorder (n ¼ 4), anxiety disorders (n ¼ 31), and mood disorders (n ¼ 2). To participate, children were required to be medication-naïve with no previous psychoactive medication treatment.
Measures
Participants completed five computer-based neuropsychological tasks (Choice Discrimination, Child Attentional Network, GNG, SST, and N-back tasks) that assessed a range of neuropsychological domains (eg, response inhibition, working memory, and attention). Tasks were programmed using E-prime 1.2, and were administered on a desktop computer with a 17 00 monitor and response pad (Cedrus RB-834). Incentive was manipulated within tasks for all participants, such that participants were able to earn points for performance on half of the trials of each task. The incentive condition was blocked so that the child either received incentives on the first half of each task or on the second half of the task. For each task, participants were explicitly informed on which half of the trials they were able to earn points for accurate responses and lose points for errors through both verbal ('you will earn points for this section') and visual prompts (ie, a green border appeared around the screen on incentive trials). At the end of each task, the number of points earned during the task was reported to the child. Participants were informed that they would be able to use the points to 'purchase' incentives (ie, toys, games, school supplies, etc) following completion of all tasks.
Three different ERs were used within each task. Stimulus presentation was held constant at 500 ms for each task. Although some of the tasks had interstimulus events, with varying events (eg, warning cues during the Attentional Network Task (ANT)), the interstimulus intervals (ISI) were held constant across tasks, so that there was 1, 3, or 5 s time between stimulus presentations. Hence, the three different ERs were 1.5, 3.5, and 5.5 s. Each task was divided into six continuous 'blocks' of trials, with ER varying across blocks. The three ER blocks were randomized within tasks to ensure that all three ERs occurred in a random order during the first half, or first three blocks, and again in a different random order during the the second half, or final three blocks. Both the ER and incentive condition order was counterbalanced across subjects. Excluding the practice trials, each task took 21 min to complete except for the Child ANT task, which took 14 min 48 s to complete.
Choice discrimination task (Choice). Participants observed a continuous stream of individually presented stimuli (ie, circles and squares), and were asked to push a specific key for circle and another key for square. A target stimulus was presented, followed by presentation of a fixation cross for the duration of the ISI. Following a 20-trial practice block, participants were presented with six blocks of 60 trials apiece, for a total of 360 trials. Each block contained an equal proportion of circles and squares, and the order of stimulus presentation within blocks was randomly determined. ER was varied across blocks. During incentive conditions, participants were notified that they would receive one point for each correct response and lose one point for each incorrect response.
Child attentional network task (CANT). Participants were presented with a target stimulus (a fish) either individually or in the center of a horizontal row of five distractor stimuli (identical fish) (Rueda et al, 2004) . The row of fish either appeared on the upper portion of the screen (50%) or on the lower portion of the screen (50%). The task included congruent trials (target facing the same direction as distractors), incongruent trials (target facing the opposite direction as distractors), and neutral trials (target presented by itself). Within each condition, participants were instructed to indicate the direction of the target stimulus. Before each trial, participants were provided with one of four target cues: (1) a central cue (ie, in the center of the screen), (2) a double cue (ie, above and below the center of the screen), (3) a spatial cue (ie, in the location in which the target will appear), or (4) no cue. See Rueda et al (2004) for a more comprehensive description and depiction of the task. Each cue was maintained for 150 ms, followed by a 450 ms presentation of a fixation cross, followed by a 500 ms stimulus presentation, and then followed by presentation of a fixation cross for the duration of the ISI. Following a 20-trial practice block, participants were presented with six blocks of 48 trials apiece for a total of 288 trials. Equivalent proportions of each target condition (33% congruent, 33% incongruent, 33% neutral) and cue condition (25% central cue, 25% double cue, 25% spatial cue, 25% no cue) were present within each block, with cues distributed equally among the targets. ER was varied across blocks. During the incentive condition, participants were instructed that they would receive a point for each correct response and lose a point for each incorrect response.
Go/No-Go task (GNG). The GNG task required participants to respond (ie, pressing the spacebar) to a variety of nontarget stimuli (ie, individually presented letters on a screen), inhibit their response to a specific target stimuli (the letter 'X'). Target and non-target stimuli appeared individually on the computer screen for 500 ms followed by presentation of a fixation cross for the duration of the ISI. Participants were initially presented with 20 practice stimuli, and then completed 360 trials organized in six continuously presented blocks of 60 trials with ER varying across blocks. A ratio of 10% target stimuli and 90% non-target stimuli was maintained within each block. During the incentive condition, participants were informed that they would receive one point for each accurate response including correct inhibitions to the letter 'X' and lose five points for each commission error (ie, pressing the response key in response to the letter 'X').
Stop-signal task (SST).
A fixation cross was presented in the center of a computer screen for 500 ms followed by a 500 ms presentation of a target stimulus (an airplane), facing to either left or right. Participants were provided with a response pad, and asked to press the button that corresponded to the direction toward which the target stimulus was facing. However, an auditory 'stop-signal' (1000 Hz tone) was presented on 25% of trials within each block, which required participants to inhibit their response to the visual stimulus (stop trials). The delay between presentation of the target stimulus and the tone began at 250 ms and varied according to the participant's performance. Successful inhibition resulted in increases of 50 ms and unsuccessful inhibition resulted in decreases of 50 ms, so that the rate of inhibition was controlled to approximate 50%. The delay was reset to 250 ms at the beginning of each reward block. Following three practice blocks of 20 trials each (one block without stop-signal, two with stop-signal), participants completed six blocks consisting of 60 trials apiece for a total of 360 trials. ER was varied across blocks. During incentive conditions, children were instructed that they would earn one point for each successful response on non-stop trials and lose four points for each incorrect response on non-stop trials. Reaction time was recorded only for non-stop trials.
N-back task (N-back).
The present study used a one-back design, in which participants were instructed to push one button if the currently presented letter was identical to the previous (one-back), and another button if the letter was different from the previous one. Letters were presented on the screen continuously for 500 ms followed by a fixation cross for the duration of the ISI. Following a 20-trial practice block, participants were presented with six blocks of 60 trials apiece, for a total of 360 trials. The target condition (identical letter as one-back trial) was present in 30% of the trials within each block, and the three ER conditions were varied across the six blocks. During the incentive condition, participants were instructed that they would earn one point for each stimulus they correctly identified and lose one point for every incorrect response.
Medication Titration Trial
Participants completed a 4-week within-subject, randomized, double-blind, placebo-controlled crossover trial of long-acting OROS MPH (Concerta), including three active dosage weeks (18, 27, and 36 mg for children o25 kg; 18, 36 or 54 mg for children X25 kg) and 1 week of placebo. Study medication consisted of identical capsules filled with either an inert white powder (placebo) or the prescribed dose of Concerta overencapsulated to preserve the double blind. At the end of each week, teachers and parents completed the Vanderbilt ADHD Rating Scales (Wolraich et al, 1998) and Pittsburgh Side-Effects Rating Scale (Pelham, 1993) . The study physician also met with participants and families at the end of each week of the medication trial and completed a Clinical Global Impression-Improvement (CGI-I) to assess response to medication.
At the end of the medication titration trial, the treating physician (WB) and another physician (TF) blindly reviewed graphs portraying parent and teacher ratings of symptoms and side effects, and the study physician's CGI-I rating for each of the 4 weeks. On the basis of this information, they each selected an optimal week on the basis of the balance between effectiveness and side effects. See Table 1 . Rater agreement on participant optimal week was good (84% agreement). For cases in which there was disagreement between physicians, the two physicians discussed the case and came to a consensus rating (Greenhill et al, 2001) . For cases in which multiple weeks appeared equal in symptom remediation and side-effect profile, the week with the lowest medication dosage was designated as the optimal dose.
Procedures
Participants and their parents completed an initial screening visit and two neuropsychological assessment visits during which they completed the aforementioned neuropsychological testing. During the screening visit, parents were administered the DISC-P interview, and children were administered the WASI and WIAT-II. Results of the initial neuropsychological testing are published elsewhere (Epstein et al, in press ). Participants then completed the medication titration trial. Participants were then randomly assigned to receive either a placebo or the optimal dosage from the medication titration trial. See Table 1 . Children took either placebo or optimal dosage for a week. Medication was delivered to children at home by parents. During that week, children participated in 2 days of neuropsychological testing using the aforementioned battery. All testing occurred between 1 to 4 h after medication ingestion, as reported by parents. Tasks were administered in a counterbalanced fashion.
Statistical Analyses
For any task, if the percentage of omission errors exceeded 50%, performance on that task was omitted from all analyses. Children whose task data was omitted did not differ from children who were included in the analyses on the following variables: age, sex, race, ODD, conduct disorder, anxiety disorder, mood disorder, or parent-or teacher-rated ADHD symptom scores. Children with omitted data did have lower full-scale WASI scores than children included in the analyses (t (89) ¼ 2.62, po0.05).
Summary statistics were created as follows. For computation of summary statistics involving RTs, only RTs on successful trials were used. Also, all RTs less than 100 ms were excluded as the non-decision portion of simple RT is approximately 100 ms (Luce, 1986) . Mean RT for each participant was computed by averaging RTs on correct response trials. RT standard deviation (RT SD) was derived by computing the SD of each individual's RTs. Coefficient of variation (CV) for each participant was computed by dividing the SD of the RTs by the mean RT; this provides a measure of RT variability, controlling for RT speed. Percent accuracy was calculated by computing the number of correct responses divided by the number of trials. RTSYS 1.0 (Heathcote, 1996) was used to provide ex-Gaussian estimates. The ex-Gaussian distribution has three parameters. Mu (m) and sigma (s) represent the mean (mu) and SD (s) of the normal component of the distribution, respectively. Tau represents the exponential component of the distribution or positive skew. For each of the five cognitive tasks, all indicators were calculated within each subject, and were stratified by the three ER conditions (1.5, 3.5, and 5.5 s) and two incentive conditions (incentive and no incentive) for a total of six summary variables. Owing to lack of fit between the data and the ex-Gaussian function, a percentage of ex-Gaussian indicators were unable to be computed for each task (Choice ¼ 2.9%; ANT ¼ 5.2%; GNG ¼ 8.5%; Stop Signal ¼ 10.6%; and N-back ¼ 8.7%). Children with a full complement of data were compared with those with missing ex-Gaussian indicators on age, sex, race, ODD, conduct disorder, anxiety disorder, mood disorder, or parent-or teacher-rated ADHD symptom domain scores. For one of these comparisons, there was a difference between subgroups, indicating that children with missing data had higher parent-rated inattention scores than children with a full complement of data (t ¼ 2.58, po0.05).
Correlations between the seven indicators across tasks were computed using Pearson's correlations. In addition, to estimate test-retest reliability for our indicators, correlations were computed using pre-and post-titration trial (lag time ¼ 5-6 weeks) neuropsychological testing for the 46 ADHD participants who were randomly assigned to the placebo group. Both inter-indicator correlations and testretest reliabilities were estimated at the level of analysis using estimates from each incentive Â reward condition.
Linear mixed models (ie, SAS PROC MIXED) were used to test for medication effects (MPH or placebo) and withinsubject effects (ER and incentive), as well as all interactions including medication effect (ie, MPH Â incentive, MPH Â ER, and MPH two incentive Â ER) for each of the seven summary measures (RT mean, RT SD, CV, m, s, and t, and percent accuracy). These models were run separately for each of the five cognitive tasks. Linear mixed models account for the expected correlation among data points collected from the same individual. The three-way interaction between MPH, ER, and incentive was not significant in all models, and thus was subsequently removed as a modeled interaction from all models. The above analyses were considered as our primary analyses. To control for multiple testing (ie, multiple outcomes for each task) in our primary analyses, a false discovery rate correction (FDR) was used (Benjamini and Hochberg 1995) . All p-values presented for these primary analyses are the FDR-corrected p-values.
As two of the tasks have unique variables, not captured by RT and accuracy alone, we also conducted linear mixed models with these variables to examine main effects of MPH, ER, and incentive and their interactions. These were considered secondary analyses. On the SST, Stop Signal RT (SSRT) was computed by subtracting the average stop signal delay from the mean hit RT (Logan, 1994 ). On the ANT task, alerting, orienting, and conflict variables were computed as follows: alerting score ¼ median RT for no cue conditionFmedian RT for double cue condition; orienting score ¼ median RT for central cue conditionFmedian RT for spatial cue condition; and conflict score ¼ median RT for incongruent cue conditionFmedian RT for congruent cue condition (Rueda et al, 2004) . Higher scores on each of these variables indicated increased benefit from alerting cues (alerting score), orienting cues (orienting score), and congruent vs incongruent cues (conflict score), respectively. For these secondary analyses, a p-value of 0.05 was used to test for significance.
RESULTS
Behavioral Outcomes
Parental ratings of ADHD behavior showed a significant improvement during the optimal dose week (Mean Total Symptom Score (TSS) ¼ 19. 
Neuropsychological Outcomes
Seven separate indicators (RT mean, RT SD, CV, m, s, t, and percent accuracy) were examined for each task. The mean and range of correlations between indicators at the level of analyses (ie, using data from each reward Â ER condition) are presented in Table 2 . Mean correlations between the three indicators of RT variability (RT SD, CV, and t) were high (range ¼ 0.51-0.75). Correlations between mean RT and percent accuracy (ie, accuracy-speed trade-off) were low (mean ¼ À0.05). The mean test-retest reliabilities were high for RT mean (r ¼ 0.72), moderate for RT SD (r ¼ 0.52), t (r ¼ 0.49), mu (r ¼ 0.48), and percent accuracy (r ¼ 0.40), and low for CV (r ¼ 0.27) and s (0.21). See Table 2 . Reliabilities did vary across tasks with a pattern of higher reliability estimates for the Choice task and the lowest reliabilities for estimates on the N-back task.
Reaction time. The main effect of MPH was nonsignificant across all five tasks. The main effect of ER was significant across all tasks (all p-valueso0.0001) indicating faster RT with faster ER. The main effect of incentive was significant only for the GNG task with faster RTs during incentive conditions (F(1, 84) ¼ 12.92, po0.01). On the GNG task, there was also an interaction of MPH Â incentive (F(1, 84) ¼ 7.18, po0.05). The group receiving MPH performed similarly across the incentive and no-incentive conditions, whereas the placebo group showed a pattern of faster RTs in the incentive condition and slowed RTs in the no-incentive condition. No other interaction effects were present on the GNG or any of the other tasks. See Table 3 .
Standard deviation. RT variability, as measured by RT SD, was lower in children taking MPH than in children taking placebo on the ANT task (F(1, 84) ¼ 17.23, po0.001) and the GNG task (F(1, 84) ¼ 11.44, po0.01). There was also a main effect of incentive on these same tasks: ANT task (F(1, 84) ¼ 7.08, po0.05); GNG task (F(1, 84) ¼ 14.72, po0.01). Children had lower RT SD during incentive conditions compared with non-incentive conditions on these two tasks. There were main effects of ER across all five tasks, as children demonstrated lower RT SD as ER became faster (all pso0.0001). Finally, there was a MPH Â ER interaction on the ANT task (F(2, 84) ¼ 7.56, po0.01). Children across MPH and placebo conditions had similar RT SDs in the fast ER condition. However, children in the placebo condition showed substantially more variability as indicated by RT SD at slower ERs compared with the increases observed for children in the MPH condition. See Table 3 .
Coefficient of variation. RT variability, as measured by CV, was lower in children receiving MPH than children receiving placebo (ie, main effect of MPH) on the ANT 
Ex-Gaussian Indicators
Mu (m). There were no main effects of MPH or incentive across tasks. The main effect of ER was significant across all tasks (all pso0.0001), indicating faster RTs in the normal part of the distribution at faster ERs. There was a significant interaction of MPH Â incentive for the SST (F(1, 88) ¼ 8.67, po0.05) and N-back tasks (F(1, 75) ¼ 6.44, po0.05). Children receiving MPH had equal values of m across incentive and no-incentive conditions, whereas children receiving placebo showed significantly faster m values during the incentive condition, both compared with their speed during the no-incentive condition and compared with the MPH group's performance in the incentive condition. See Table 4 .
Sigma (s). There was a significant main effect of MPH on the ANT task (F(1, 84) ¼ 8.97, po0.05), with smaller values of s in the MPH condition compared with the placebo condition. There were also significant main effects of incentive on the ANT task (F(1, 84) ¼ 13.57, po0.01) and the SST (F(1, 88) ¼ 5.97, po0.05), suggesting that incentives did not affect variability in the normal portion of the RT distribution for children receiving MPH, whereas incentives significantly reduced the variability in the normal portion of the RT distribution for children taking placebo. A main effect of ER was evident only on the Choice task (F(2, 85) ¼ 4.35, po0.05) with less variability during faster ER conditions. There were significant MPH Â incentive interactions on the GNG (F(1, 84) ¼ 7.42, po0.05) and SST (F(1, 88) ¼ 7.45, po0.05) tasks. Children taking MPH had similar s values across incentive and no-incentive conditions, whereas children taking placebo had significantly higher values of s when there was no incentive. This pattern was evident across the GNG and SST tasks. No other main effects or interactions were significant. See Table 4 .
Tau (t).
Main effects of MPH were observed on the ANT (F(1, 84) ¼ 19.66, po0.001), GNG (F(1, 84) ¼ 9.29, po0.05), SST (F(1, 88) ¼ 8.87, po0.05), and N-back tasks (F(1, 75) ¼ 7.91, po0.05). Children taking MPH had significantly less variability in the exponential portion of the RT distribution across these four tasks. No main effect of MPH was observed on the Choice Discrimination task (F(1, 85) ¼ 0.88, p ¼ 0.49). There was no main effect of incentive across tasks. However, there were significant main effects of ER across all tasks (all p-valueso0.0001), indicating less variability in the exponential portion of the RT distribution on fast ER trials. The only interaction effect that reached statistical significance was an MPH Â ER interaction effect on the ANT task (F(2, 84) ¼ 11.03, po0.001) As seen on the SD and CV indicators for this task, children in the placebo group showed considerably more RT variability as ER slowed compared with children in the MPH group. See Table 4 .
Accuracy. There were main effects for MPH on the ANT (F(1, 84) ¼ 9.56, po0.05) and GNG tasks (F(1, 84) ¼ 11.20, po0.01), with higher accuracy for children taking MPH compared with those taking placebo. There were significant main effects of ER on the Choice (F(2, 85) ¼ 37.44, po0.0001), ANT (F(2, 84) ¼ 59.22, po0.0001), and SST (F(2, 89) ¼ 37.13, po0.0001) tasks. Accuracy increased as ER slowed. There were also main effects of incentive on the ANT (F(1, 84) ¼ 9.00, po0.05) and GNG tasks (F(1, 84) ¼ 8.39, po0.05). Again, accuracy increased in the presence of incentives. There was an interaction of MPH Â incentive on the ANT task (F(1, 84) ¼ 8.02, po0.05). Accuracy of children in the MPH condition was not affected by incentive condition. However, children in the placebo condition had significantly higher rates of accuracy in the incentive condition compared with the noincentive condition. No other interactions were significant across tasks. See Table 3 .
Other Performance Indicators
There were no main effects of MPH (F(1, 88) For the Alerting, Orienting, and Conflict indicators from the ANT task, there were no MPH or incentive main effects (all p-values40.05). There was a main effect for ER on the Alerting (F(2, 84) ¼ 51.35, po0.0001) and Conflict scores (F(2, 84) ¼ 9.38, po0.001), indicating that children demonstrated less benefit from cueing and congruent flankers as ER became faster. The only interaction that reached statistical significance on the ANT indicators was an MPH Â ER interaction on the Alerting indicator (F(2, 84) ¼ 4.98, po0.01). Children in the placebo condition demonstrated less benefit from cueing (ie, lower alerting scores) at fast ER and more benefit from cueing (ie, higher alerting scores) at slow ERs compared with children in the MPH condition.
DISCUSSION
The effect of stimulant medications on reducing RT variability in patients with ADHD was evident across multiple cognitive tasks. MPH attenuated RT variability across four tasks, which required a range of cognitive abilities (eg, attentional conflict, response inhibition, and working memory). However, on a simple choice discrimination task, stimulant medication did not reduce RT variability. These effects of MPH on RT variability were detected using a range of indicators (ie, RT SD, CV, and t). Although both RT SD and ex-Gaussian t had comparable and moderate reliabilities, and intercorrelations between these indicators were generally quite high, the ex-Gaussian t indicator most reliably detected effects of MPH on RT variability. This suggests that the component of variability affected by MPH is reduction of periodic-long RTs or positive distributional skew. The effects of MPH on task performance were largely specific to RT variability in this study, as MPH did not affect RT speed on any task, and only improved performance accuracy on two of the five tasks (ie, ANT and GNG).
Our primary MPH manipulation was achieved by determining each child's optimal dosage using a double blind, placebo-controlled crossover trial of MPH, and then randomizing children to either receive their optimal dosage or placebo. Our study's titration methods produced very similar outcomes to the titration outcomes reported in the Multimodal Treatment Study of Children with ADHD (MTA; Greenhill et al, 2001 ) which used a similar, though more intensive daily dose titration schedule and methodology. Namely, the two studies had similar rates of stimulant response (77% of children in our study vs 77% of children in MTA), ultimate mg/kg per day (1.13 mg/kg in our study vs 0.8-1.15 mg/kg in MTA), and MPH vs placebo effect sizes on parent (0.82 in our study vs 0.57 in MTA), and teacher (0.87 in our study vs 1.00 in MTA) ratings of behavior. The effect sizes for MPH effects on RT variability in our study were in the moderate to high range (0.60-0.95 on t), which is fairly consistent with the MPH effect sizes for RT variability estimates of other studies using comparable tasks (Boonstra et al, 2005; Epstein et al, 2006) . Of note, the effect sizes for MPH effects on RT variability are of similar magnitude as effect sizes reporting differences between ADHD and typically developing controls on RT variability (Klein et al, 2006) , though some studies have reported between-group effect sizes beyond this range (de Zeeuw et al, 2008) . A comparable set of effect sizes for betweengroup comparisons and medication effects suggest that MPH may normalize group differences on RT variability. Such normalization would imply that RT variability, as an indicator of brain function, is highly related to the pharmacodynamic mechanisms by which MPH exerts its effect in children with ADHD. Neuroimaging studies (Bellgrove et al, 2004; Weissman et al, 2006) and behavioral studies with brain-damaged populations (Dockree et al, 2006; Stuss et al, 2003; Stuss et al, 1999) have begun to isolate neurophysiological correlates of RT variability. Targeting regions of interest, which have been identified in this neuroscience literature, future research studies should focus on examining stimulant medication effects on brain function to better understand the mechanism of action by which stimulant medication produces robust effects on RT variability in children with ADHD.
Given the pervasiveness of MPH effects on RT variability, it is interesting to examine on which tasks and under which conditions MPH failed to attenuate RT variability. For one, we found no MPH effect on RT variability on the Choice task. This finding contradicts that of Spencer et al (2009) who used a very similar Choice Discrimination task as used in this study. Secondly, the MPH Â ER interaction on the ANT (as measured by RT SD, CV and t) and SST (as measured by CV) showed that MPH effects on RT variability were absent at fast ERs (ie, 1-s ISI). We believe that the source of both of these null findings is similar and can be attributed to our study's methodology. Spencer et al (2009) used a fixed 4-s ISI compared with our use of a range of ISIs (1-, 3-, and 5-s). Additional analyses of the choice data suggest that there was essentially no mean difference in CV between the MPH and placebo conditions at the fast ER (1-s ISI; ES ¼ 0.01), whereas during the long ER conditions, there were small-to medium-sized MPH effects (3-s ISI: ES ¼ 0.44; 5-s ISI: ES ¼ 0.32). We believe that the one-third of trials that used an ISI of 1-s likely masked the overall effect of MPH on RT variability. Although the effects of MPH might have been smaller on the Choice task than on the other tasks, it seems that an effects of MPH still exists under the appropriate conditions. The MPH Â ER interaction effect on the ANT and SST task also supports this explanation. On these tasks, there was no effect of MPH on RT variability at fast RTs, but there were increasing differences between children in the MPH and placebo groups as ER slowed. Most studies that have found effects of MPH on RT variability have used an ER that ranged between 2 and 4 s (Castellanos et al, 2005; Groom et al, 2010; Spencer et al, 2009; Tannock et al, 1995) . At fast ERs (eg, 1-s ISI), it is possible that RT distributions become truncated because of the smaller response window. Indeed, a large percentage of responses in the N-back task during the 3-s (21.4%) and 5-s (31.0%) ISI conditions exceeded 1-s in length. This leads us to conclude that the lack of effects of MPH on RT variability on the simple Choice Discrimination task, as well as on faster ERs on the ANT task may be a result of truncated RTs. This artifact may have led to results that limited the breadth of effects of MPH on RT variability as well as the magnitude of these effects.
One of the goals of this study was to examine the moderating effect of task manipulations (ER and incentive) on our MPH manipulation across the various RT variability outcomes. The ER manipulation is especially interesting in relation to the competing predictions regarding MPH Â ER interaction effects that are suggested by prevailing theoretical models of ADHD. The state regulation dysfunction (SRD) model suggests that short and long ERs cause overand underactivation in children, which detrimentally affects performance (see Sergeant and Sergeant, 2005 and van der Meere et al, 2005 for reviews). Alternatively, the delay aversion (DA) model suggests that task performance will deteriorate as delays (ie ERs) get longer (Sonuga-Barke et al, 1992) . As outlined by Sonuga-Barke et al (2010) , according to the SRD model, MPH alters activation in patients and thus diminishes the detrimental effects of long ERs on neuropsychological performance but exacerbates performance during short ERs because of overactivation. In contrast, the DA model hypothesizes that MPH affects motivational context and increases the application of effort, and therefore attenuates the detrimental effects of longer ERs in a linear fashion. The point of difference between these two models is what occurs when children on MPH experience fast ER conditions. In the DA model, MPH does not detrimentally affect performance during short ERs. In the SRD model, performance is detrimentally affected during short ERs because of overactivation. We found that MPH did interact with ER on RT variability indicators on two of the tasks (ie, ANT and SST). The interaction showed that children taking MPH were not as affected by slower ERs as children on placebo. Also, during the fast ER conditions, there was little difference between children on MPH compared with placebo. This pattern, although it appeared for only selected RT variability measures on two of the five tasks, is more consistent with the DA model. However, the SRD model's prediction of poorer performance during the fast ER condition is based upon the assumption that MPH combined with a fast ER produces overactivation. Our 1.5-s ER condition may have been out of the range of fast ERs to produce an overactivation effect. It is possible that a faster ER may have achieved this effect. Also, given that activation states may differ across individuals, studies may need to tailor ERs on an individual by individual basis to determine thresholds for overactivation (Sonuga-Barke et al, 2010) .
This study also examined the moderating effects of incentive (ie, reward and response cost) on RT variability, as well as other performance outcomes. Although there was a main effect of incentive on some variables on some tasks, indicating an inconsistent and small effect of incentive on performance outcomes, there was relatively no interaction of incentive and MPH across outcomes across tasks. This is consistent with the previous literature examining MPH and incentive interactions (Groen et al, 2009; Groom et al, 2010) showing no synergistic effect of MPH and incentive on performance outcomes. Interestingly, MPH and incentive interactions that were observed in the current study tended to occur on more difficult tasks (ie, SST, GNG, N-back) and primarily for measures of RT speed (ie, m, RT mean). Examination of MPH by incentive interactions may be influenced by difficulty of task and the strength of each manipulation such that incentives may not exert an additional influence if medication is producing maximal gains or if the task is relatively easy. The current study used an optimal medication dosage, which may have reduced the opportunity for incentives to improve performance as medication already reduced RT variability substantially.
It is also important to consider the nature of the incentive manipulation, which varies greatly across studies that have examined the impact of motivation on performance in children with ADHD. The current study used a counterbalanced block design to compare performance with and without incentives, consisting of reward and response cost, and children earned a material reward (eg, toys, games), although trial-wise feedback was not provided. The counterbalanced block design and material reward are strengths of this study compared with those using a fixed block order (eg, Uebel et al, 2010) , which confounds the incentive condition and time on task, and studies that did not offer a material reward (eg, Slusarek et al, 2001 ). However, completion of the incentive and no-incentive conditions sequentially may have influenced the results such that children generally associated their performance on the task with obtaining a material reward at the end of the day, thereby reducing incentive effects. Although trial-wise feedback was not provided, which would have been a more powerful incentive manipulation, as children with ADHD are particularly sensitive to immediate reinforcement (eg, Sagvolden et al, 2005) , studies reporting improved performance on cognitive tasks when incentives are provided in children with ADHD often do not include trial-wise feedback (eg, Groom et al, 2010; Stevens et al, 2002) . In addition, Michel and colleagues (2005) , did not find any performance differences on the SST during an immediate reinforcement condition (ie, point total accumulated on screen after each trial) compared with a delayed reinforcement condition (ie, points accumulated in the same way, but participants were not told of their points until the end). Findings such as this may occur because the actual material reward is delayed until the child completes the activity despite the presence of immediate performance feedback. In addition, incentives targeted response accuracy rather than speed or variability, possibly reducing incentive effects on RT variability. Interestingly, incentives improved response accuracy and speed on various tasks, suggesting that incentives influenced response speed despite the emphasis on accuracy. Finally, the inclusion of response cost may have reduced random responding when the participant is uncertain of the correct response, thereby increasing the number of omission errors.
Although the effects of MPH on RT variability were evident across multiple tasks and indicators, the effects of MPH on other performance indicators (ie, RT mean, accuracy) were few and inconsistent. Despite the fact that RT mean was highly correlated with RT variability indicators (eg, t), we observed no significant effects of MPH on RT speed across tasks despite the fact that other studies have found that MPH speeds RT . In addition, MPH effects on accuracy were evident on only two of the tasks (ie, ANT and GNG). Moreover, there was no effect of MPH on SSRT, a commonly used indicator of response inhibition, which has been found previously to improve with medication (ie, get smaller) among children with ADHD (Tannock et al, 1989) . On all these indicators, it is interesting that no significant effects were observed in this study, which in many ways used robust methodology compared with many previous studies, including a large sample, a titrated optimized dosing procedure, and a wide variety of RT tasks. A straightforward explanation of these results is that MPH primarily affects RT variability. However, it may be that the inclusion of task manipulations of ER and incentive introduced variance to the mean estimates and diminished our ability to detect MPH effects on these other outcome measures. Indeed, ER had very large effects across all performance indicators. However, the lack of any interaction effects between these manipulations and MPH argues against this explanation. Alternatively, it may be that introducing our within-task manipulations intrinsically altered the task characteristics enough to change the task demands and alter performance of task. For example, our ER manipulation may have inadvertently introduced a 'jittering effect,' similar to that produced by changing ER on a trial-by-trial basis, which has been shown to improve task performance in children with ADHD (Ryan et al, 2010) . Such an effect may have improved performance in children across both groups and diminished our ability to find MPH effects.
There are limitations of this study which may have affected the results of the study. We have already noted some limitations of our incentive and ER manipulations. In addition to the noted limitation to the lower bound of our ER manipulation, our ER manipulation was also limited in terms of the upper bound. The 5.5-s upper bound may not have fully tested the interactive effects of MPH on ER, had slower rates been included. In addition, the MPH dosages used in this study also may have led to attenuated MPH effects. Although we used a placebo-controlled, double-blind titration trial to determine optimal dosage, the highest dosage used in the trial was 54 mg for children X25 kg and 36 mg for children o25 kg. Other studies (eg, Spencer et al, 2009 ) have used higher dosages. In our study, a considerable number of children received the highest dosage as their optimal dosage (ie, 24%). Indeed, it could be that for some of these children, a higher dosage would have been optimal. Also, a significant minority of children (24%) exited the titration trial, with the placebo dosage as their optimal dosage, which is comparable to stimulant response rate in other studies (eg, Greenhill et al, 2001) . The fact that 19% of the children in the optimaldose condition received the same stimulant dosage (ie, placebo) as that received by the placebo-control group may have affected this study's ability to detect between group differences on some of the study outcomes (eg, accuracy).
In summary, RT variability, which appears to be one of the most ubiquitous and robust indicators of cognitive deficit in patients with ADHD (Castellanos and Tannock, 2002) , appears to be significantly reduced by MPH. Moreover, this study's results suggest that MPH effects on neuropsychological tasks are largely specific to RT variability and also largest in magnitude on RT variability indicators. Our use of a medication-naïve sample helps in attributing observed effects of MPH to acute medication effects rather than cumulative and chronic effects of longterm MPH treatment (Andersen, 2005) . Future research should examine how effects of MPH on RT variability relate to effects of MPH on ADHD behavioral outcomes. Behavior analog studies examining correspondences between RT variability and behavioral manifestations of attention (eg, Rapport et al, 2009 ), as well as neurophysiological studies examining neural patterns during periods of enhanced RT variability (eg, Bellgrove et al, 2004; Weissman et al, 2006) might help in elucidating the behavioral and neural correlates of RT variability and its response to MPH.
